Abstract-With increasing penetrations of wind generation on electric grids, wind power plants (WPPs) are encouraged to provide frequency ancillary services (FAS); however, it is a challenge to ensure that variable wind generation can reliably provide these ancillary services. This paper proposes using a battery energy storage system (BESS) to ensure the WPPs' commitment to FAS. This method also focuses on reducing the BESS's size and extending its lifetime. In this paper, a state-machine-based coordinated control strategy is developed to utilize a BESS to support the obliged FAS of a WPP (including both primary and secondary frequency control). This method takes into account the operational constraints of the WPP (e.g., real-time reserve) and the BESS (e.g., state of charge [SOC], charge and discharge rate) to provide reliable FAS. Meanwhile, an adaptive SOC-feedback control is designed to maintain SOC at the optimal value as much as possible, and, thus, reduce the size and extend the lifetime of the BESS. The effectiveness of the control strategy is validated with an innovative multi-area interconnected power system simulation platform that can mimic realistic power systems operation and control by simulating realtime economic dispatch, regulating reserve scheduling, multi-area automatic generation control, and generators' dynamic response.
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I. INTRODUCTION

H
IGH penetrations of wind generation on the electric grid will result in an increasing expectation that large-scale wind power plants (WPPs) provide grid-support ancillary services. For example, On November 20, 2015, the Federal Energy Regulatory Commission released Order No. 819 to revise regulations to foster competition in the sale of primary frequency response services, which means that regional transmission organizations and independent system operators will need to encourage fast-response resources to provide multiple ancillary services by a market-based methodology [1] . This movement can stimulate renewables to participate in multiple forms of grid frequency support, thereby reducing the reserve burden of synchronous generators and improving grid stability and reliability.
The capability of wind turbines to provide independent primary frequency control (PFC) or automatic generation control (AGC) has been proven technically feasible [2] - [4] , but using WPPs to provide multiple frequency ancillary services (FAS) is still a challenge. Traditionally, the frequency controller's design for a wind turbine mainly focuses on short-term frequency performance [5] - [7] ; however, when future incentives can attract a WPP to participate in all forms of FAS in both day-ahead and real-time markets, the capability of variable generators to fulfill frequency service commitments at multiple timescales will need to be developed. To achieve this goal in practice, two questions need to be answered: (1) Because of the variability and uncertainty of wind, how can a WPP provide FAS-from continuous secondary response to primary response? (2) What will be the impact of such services on grid reliability performance? PFC and AGC provide frequency support at different timescales. So far, no method has been investigated to ensure that variable generation provides FAS at all timescales, and no commercial platform is available to evaluate the interaction of multiple-timescale frequency services. The lack of knowledge in such situations may pose challenges to evaluate the effectiveness of any control and scheduling strategy. For example, when a WPP provides both PFC and AGC, the overlap of the two kinds of reserves may sometimes prevent the WPP from fulfilling the committed ancillary service [8] .
In recent years, with the reduction of the capital cost of batteries, battery energy storage system (BESS) technologies have become an attractive choice for various grid-support applications. Among these applications, frequency support has been greatly discussed due to the fast response and high ramp rate of a BESS [9] .
The combined operation of a WPP and BESS has been recognized as a feasible and effective way to reduce the effect of the variability from wind for energy production [10] - [14] . The BESS control strategy proposed in [10] uses wind generation output and battery state-of-charge (SOC) feedback to secure a constant generation output during each dispatch interval. The proposed scheme in [12] achieves dispatched wind power by considering the uncertainty in wind generation output. In [13] , a BESS is used to support a WPP in realizing power dispatchability based on statistical long-term wind speed data. These studies have typically investigated the dispatch problem only in terms of energy balance.
Some studies have investigated the coordinated controller's design of using an energy storage system to support a WPP providing frequency responses [15] - [17] . Reference [15] proposed the coordinated control of the wind turbine generators (WTGs) and the superconducting magnetic energy system to improve the WTGs' temporary frequency support, mainly inertial support. Reference [16] proposed a fuzzy-logic-based control scheme for wind storage systems to provide primary frequency response for grid disturbances. Further, various control methods [16] , [17] e.g., fuzzy-logic control, H ∞ control-have been used to design controllers to satisfy short-term power support applications.
To manage the power split among different resources, a widely used scheme is a simple and robust rule-based approach [14] , [18] , [19] . A state-machine-based controller has been used for a novel, digitally-controlled, portable photovoltaic (PV) power source to maximize the output power from the solar array, regulate the bus voltage, and limit the voltage and charging current of the battery [19] . In [18] , the power management of an isolated hybrid AC/DC microgrid is achieved by a state-machine-based approach that considers 15 distinct operation modes. In [20] , a rule-based, fuzzy-logic, coordinated control method of the distributed PV inverters and electric vehicles is used for frequency control and to reduce the tie-line power fluctuations.
In summary, the existing development of the capability of renewable generators to provide frequency services tends to focus on one form of frequency support (e.g., inertia control, PFC [15] , [16] , or secondary frequency support [20] ) with the help of other auxiliary devices, such as energy storage. Investigations into multiple frequency services and the coordination of both the long-term availability of resources and short-term committed frequency control are lacking, both of which are essential in scenarios of high penetrations of renewables. In addition, the current frequency controllers of a BESS are mainly focused on short-term frequency support; therefore, most are based on fixed-SOC, fixed-charge, and fixed-discharge limitations, without considering a way to use a BESS optimally to extend its lifetime and reduce its size. Because a BESS is an expensive and energy-limited resource, a proper compromise between its performance and its investment should be considered, which means that a novel control strategy is needed that reduces the size and extends the lifetime of the BESS while ensuring that a WPP can fully commit to all forms of FAS.
Thus, this paper proposes a coordinated control strategy to use a BESS as the secondary energy resource to assist a WPP in participating in multiple FAS for long-term operation. The proposed control design considers more practical battery operation characteristics and designs the SOC's self-recovery capability to reduce the size and extend the lifetime of the BESS (see Section III). To evaluate the effectiveness of the control scheme in a more realistic simulation environment, a hybrid simulation platform that combines the power market and grid dynamic simulation is adopted; this reveals deeper insight into the interaction among different types of frequency support in different timescales (see Section IV).
The rest of this paper is organized as follows. Section II briefly presents the architecture of a WPP-BESS system providing FAS and introduces its operational constraints. Section III proposes a state-machine-based coordinated control strategy and an adaptive SOC-feedback control. The proposed control is then validated in a simple system. Section IV introduces the hybrid simulation platform. The simulation is implemented in Section V to illustrate the control strategy's effectiveness and benefits.
II. FREQUENCY ANCILLARY SERVICES PROVIDED BY A WPP-BESS SYSTEM
A. The Architecture of WPP-BESS System Providing FAS
To maintain the grid frequency at its nominal value, system operators usually need to buy frequency response reserves from conventional generators. The action of the generators releasing these reserves according to frequency deviation is usually called providing FAS.
When a WPP commits to providing FAS, the system operator will schedule the WPP's generation (P W PP Dis ) and regulate reserve (P W PP MPPT − P W PP Dis ) through the energy market and ancillary service market. To provide PFC and AGC support, the power command of the WPP (P W PP Order ) is: P W PP Order = P W PP Dis + P W PP AGC + P W PP PFC (1) where P W PP Dis is a power command from the economic dispatch (every 5 minutes), P W PP AGC is an AGC signal (every 4 seconds), and P W PP PFC is the power used for the PFC support.
The operational constraint of the WPP is:
However, the reliability of WPPs providing FAS faces tremendous challenges because of the variability of the wind resource as well as the possible reserve deficiency when the WPP starts to provide PFC after AGC has been activated for a period of time.
This study investigates the feasibility and performance of using a BESS to coordinate a WPP's FAS. According to the different statuses of the SOC of a BESS; grid status; and P W PP Order , P W PP Dis , and P W PP MPPT , the frequency regulation burden should be adaptively dispatched between the WPP and BESS. The frequency response scheme of the WPP-BESS system is shown in Fig. 1 . The proposed coordinated control strategy between the BESS and the WPP will be introduced in Section III.
B. Constraint Considerations of a BESS
A lithium-ion (Li-ion) BESS is well suited to provide frequency service because of its fast response and high power capability in timescales from seconds to minutes [21] . A detailed BESS model based on a circuit model [22] is adopted to capture the accurate battery characteristics. The battery energy variation (ΔE) can be characterized as:
where P BESS is the charge or discharge power. The SOC can be expressed as:
where E is the rating of the BESS. To manage the BESS, the most common objectives are to comply with the internal constraints of the BESS and to extend its lifetime. The limiting factors of a BESS normally include SOC, rate of charge (ROC), and rate of discharge (ROD). The operation of a BESS is subject to the following two constraints: 1) SOC Range: As indicated in Fig. 2(a) , the battery is normally suggested to operate in a specific range [SOC min , SOC max ]; however, different SOC ranges have different impacts on the lifetime of a BESS. According to the National Renewable Energy Laboratory's (NREL's) battery degradation model, which has been validated against experimental data, the lifetime of the Li-ion battery that spends the majority of its time in an SOC between 30%-50% is longer than those that spend an SOC between 70%-90% or 20%-40% [23] . To try to extend the lifetime of a BESS, a novel SOC/case-based management strategy of a BESS is proposed and shown in Fig. 2(b) .
The SOC operation limits are designed to be varied according to the different grid statues, which are categorized as either a normal or emergency case. An emergency case indicates that an extreme contingency is happening in the system. During normal operation, it is suggested that the BESS operates in the range from SOC opt low to SOC opt high , which means that most of the time the BESS is expected to be controlled in the optimal range of the SOC to extend its lifetime. In emergency cases, the BESS is allowed to operate in the range of [SOC opt high , SOC max ] and [SOC min , SOC opt low ]; during these situations, supporting the grid is a higher priority than extending the lifetime of the BESS.
The operational constraints of the SOC are set as: Normal case:
Emergency case:
2) Power Limits: Similar to the SOC limits, the battery is capable of releasing high power for a short period of time-e.g., according to the data sheet of a Li-ion battery (ANR26650M1-B) [24] , the maximum continuous discharge is 70A, whereas the maximum pulse discharge can reach as high as 120A. The short-term, high-discharge power is designed to support the emergency case in this study. The power constraints are set as:
Normal case:
These constraints will be considered when designing the BESS controller in Section III.
III. COORDINATED CONTROL STRATEGY OF A WPP AND BESS
The coordinated control strategy of a WPP and BESS works toward the following two aims:
Aim 1: Support the WPP to follow the desired output command. For example, during an emergency, the BESS is allowed to provide short-term, high-power support to ensure the WPP-BESS's PFC service.
Aim 2: During normal operation, the BESS is able to automatically bring the SOC back to a value in the optimal range, and then it can be prepared for the next round of discharge support. We refer to this as the self-recovery capability of the BESS.
Considering that the ramp down for a conventional generator and a WPP are easier than the ramp up, a general rule is proposed as follows: (1) If the AGC requirement is negative, the WPP needs to be curtailed further to fulfill the order. In this case, the BESS has the priority to participate in regulation by charging itself with the intention of maintaining a desired SOC. The WPP will take over the regulating responsibility when the BESS reaches its high value in the optimal range of the SOC (SOC opt high ). (2) If the AGC requirement is positive, the WPP has the priority to track the regulation until it reaches its maximum power point tracking (MPPT) limitation. During this time, the BESS is a backup reserve that provides fast power support when the WPP's reserve becomes ineffective.
A. Modified State-Machine-Control
To achieve the above multiple objectives, the frequency response obligation is required to be shared between the WPP and the BESS under different grid operation statuses and battery conditions. This can be described as a multi-objective control problem with multiple operation constraints. A state-machinecontrol is a straightforward, reliable, efficient method [18] . Once the controller is designed, it is easy to implement and test and rarely needs computational time [19] .
The output of the state-machine-control depends on the entire history of the inputs [25] . Based on this theory, we try to find states of the system that capture the essential properties of the history of the inputs and then determine the current output of the system. Meanwhile, the controller design focuses on the coordination between the frequency regulation and the SOC of the BESS.
1) Determining the States and Transition:
As shown in Fig. 2(b) , the SOC has been divided into five states according to different ranges: very low (VL), low (L), medium (M), high (H), and very high (VH). Note that the SOC of the battery is not expected to operate in the VH and VL range, whereas the control action should be designed to ensure that the battery can return to the allowed operation range in case the transient SOC drops to those ranges accidentally.
To determine the grid's status, the measured system frequency can be used as an index, as shown in Fig. 3 (a). The deadband (Δf deadband ) of the PFC is chosen as the indicator to distinguish between the normal case and the emergency case because when the frequency's variation is larger than Δf deadband , the conventional generator's PFC is activated, which means that the systems need prompt power support. When the frequency is in the range of the deadband, the system status is defined as being within a normal operational range (M); when the frequency is out of the range of the deadband, the system status is defined as being in an emergency operational state (H or L).
Three regions are defined according to the relationship among the P W PP Order , P W PP MPPT , and P W PP Dis . As shown in Fig. 3 (b), Area a (P W PP Order < P W PP Dis ) represents a situation when the WPP needs to be further curtailed to fulfill the frequency regulations; Area b (P W PP Dis ≤ P W PP Order ≤ P W PP MPPT ) represents a situation when the WPP is able to provide positive and negative frequency regulation by itself; Area c (P W PP Order > P W PP MPPT ) represents a situation when the WPP is unable to provide frequency regulation.
To simplify, we define the states of the control system and the combinations of 15 states as (SOC state, frequency state):
The regions of the P W PP Order can be treated as the additional conditions to decide the system outputs. In the design of this control strategy, the transition depends on the threshold value of the SOC and frequency.
2) Configuration of Outputs: The coordinated control strategy determines the output reference of the WPP and the BESS according to the states (SOC state, frequency state), conditions (P W PP Order ), and operational limitations of the WPPs and BESS. The control strategy is shown in Table I . a) Operating in Optimal Range: State 8-(M, M) is the most desired operational status of the BESS and power systems. The first priority of the control is to fulfill the P W PP Order . Meanwhile, the SOC of the battery is controlled in the optimal range, and the power limitation of the battery is set at the normal limitation [P BESS Char , P BESS Dis ]. According to the different P W PP Order conditions, the WPPs operate by obeying the following rules:
Area a: The WPP operates at a dispatched value, and the system uses the potential curtailed energy from the WPP to charge the BESS instead of forcing the WPP to be curtailed.
Area b: With the intention of keeping the SOC around a high value in its optimal range, the system uses an adaptive SOC-feedback control method (kP BESS Char , which will be individually described in Section III-C) by utilizing a portion of the available energy from the WPP to charge the BESS until it reaches the SOC opt high .
Area c: The WPP tracks its MPPT curve, and the BESS is discharged to provide the remaining power requirement to support the WPP in fulling its commitment to provide frequency regulation. Normally, Area c is the most critical area because the WPP loses the capability to provide energy further.
State 7/9-(M, H)/ (M, L). These states indicate a frequency event; therefore, the first priority of the system is to fulfill the P W PP Order , and the power limitation of the battery is set at the emergency limitation [P BESS ChaM ax , P BESS DisMax ].
b) Operating in Suboptimal Range:
r High SOC Range
Due to the high SOC, the BESS cannot be charged anymore. It should be discharged properly, and therefore the SOC can be brought back to the optimal range without affecting the WPP's capability to support the frequency response.
State 5-(H, M), Area a/b/c: In a normal case, the battery is designed to discharge properly and returns to the optimal range by an adaptive SOC-feedback control in Area a/b. In this case, the BESS keeps the discharge until the SOC reaches
In an emergency case, fulfilling P W PP Order will always have the highest priority. The power limitation of the battery is set at the emergency limitation (P BESS ChaM ax , P BESS DisMax ).
r Low SOC Range This control strategy is similar to that of the high SOC range. Due to the low SOC, the battery should be charged properly, and therefore the SOC is brought back to the optimal range. The main difference is in the normal case, when P W PP Order > P W PP MPPT , because additional long-term, low SOC operation will damage the BESS, and the BESS stays still, rather than discharging itself, until the frequency indicates that the system is in an emergency state. Note that when the SOC is low and the WPP has reached the MPPT (State 10/12, Area c), if the grid is in an emergency state, the BESS will keep discharging to support PFC until it reaches SOC min . c) Operating in Forbidden Area: Normally, the SOC of the battery will not operate in the VH and VL ranges (State 1/2/3/13/14/15). Due to the control of battery, the discharge and charge action will cease as the SOC hits the threshold of SOC min and SOC max . To avoid some special cases-such as an uncontrolled initial battery status or if the SOC is stuck in a forbidden area due to the transient SOC-we need to design the proper control to bring the SOC back to the optimal range. State 1/2/3/13/14/15-(VH, H)/(VH, M)/(VH, L)/(VL, H)/ (VL, M)/(VL, L). In these states, the battery has the highest priority to discharge/charge and therefore allows the SOC to return to its normal range. The WPPs' role is to coordinate the discharging battery and meanwhile fulfill the P W PP Order . The power limitation of the battery is set as an emergency limitation [P BESS ChaM ax , P BESS DisMax ].
B. Modified State Transition Workflow
To examine the evolution of the proposed state machine, a state transition workflow is presented in Fig. 4 .
For the readers' convenience and to aid in understanding the physical process of the state transition, we define the indicators according to the proposed control strategy. Each circle represents a state; the arcs connecting the circles represent the state transition; the vertical arcs are labeled with the condition (P W PP Order condition [a, b, or c]) and the action of the battery-charge (C), discharge (D), or keep still (0)-and the horizontal arcs are labeled with the event trigger plus the condition (direction of change of the system frequency). Although these labels above the arcs are not state transition conditions, they show the trend of state transition at a specific action, which makes it easier for the reader to check and understand the control strategy.
C. Adaptive SOC-Feedback Control
Two aspects are considered in the SOC-feedback controller design: (1) the control should maintain the SOC of the BESS around an optimal value during normal operation so that the BESS can be ready for the next critical discharge demand; (2) during the transition from one state to another, repetitive charging and discharging should be avoided. For example, when the BESS is at State 8 (M, M), if the system has Condition a (P W PP Order < P W PP Dis ), the BESS will charge itself until the SOC is more than SOC opt high . Then the state changes to 5, the system realizes that the SOC is higher than SOC opt high , it orders the BESS to discharge, and therefore it lets the SOC return to the optimal range. The repetitive charging and discharging happens in some similar situations. To solve these possible problems, an adaptive SOC-feedback control is proposed based on the similar force mechanism of the spring, as shown in Fig. 5 .
The basic idea is that, like a spring, after the external force disappears, the spring can be brought back to the initial position due to the spring force, which is a function of distance. The SOC control is designed by a similar rule. When the SOC is away from its optimal value, the charge/discharge power will be a function of the distance of the SOC from its optimal value. Then when the SOC reaches SOC opt , the charge/discharge power will be zero, therefore avoiding the repetitive charge/discharge.
The strategy is achieved by the following equations:
where:
As depicted in Fig. 5(b) , the adaptive parameter, k, can be adjusted according to the real-time measured SOC. To use more charge/discharge power when the SOC is relatively far from SOC opt , a square-root function is used to describe the relationship between the adaptive parameter, k, and the measured SOC. In the above situations, when the SOC is higher than SOC opt , the BESS will discharge until the SOC reaches SOC opt , then P BESS Ref will be set to zero, and vice versa.
D. Control Strategy Validation in a Simple System
Simulations using a simple example are performed to validate the effectiveness of the proposed coordinated control strategy. The simple system consists of a wind-BESS system connected to an infinite bus. The maximum wind power (P W PP MPPT ) and A P W P P M P P T + 20
P W P P M P P T + 20 t ∈ [2000, 2100) P W P P M P P T − 20 t ∈ [2100, 3000) P W P P M P P T − 40 t ∈ [3000, 4000) P W P P M P P T − 8 t ∈ [3000, 5000] wind power dispatch (P W PP Dis ) are predesigned. (The timeseries wind power data are the same as those for the multi-area system test. A detailed description can be found in Section V.) P W PP Order , P W PP AGC , and system frequency, f sys (p.u.), can be set manually to check the various control characteristics. The control strategy has been tested for all state transitions. Among these, three typical tests are listed in Table II .
1) Test A: Battery Using Suboptimal Range in Emergency Case:
In this test, the P W PP Order for the WPPs is considered to be larger than the P W PP MPPT with an initial battery SOC of 100%. In this way, the BESS starts to work with a full SOC, provides the energy for the WPPs to fulfill the P W PP Order , and returns to the optimal range by discharging. Fig. 6 shows the wind power, including the 5-minute dispatch power (P W PP Dis ), maximum wind power (P W PP MPPT ), required wind power (P W PP Order ), and real output power of the WPPs (P W PP ); the system frequency; a comparison between the P W PP Order and the real output power of the hybrid WPP-BESS system; the output power and SOC of the BESS; and the states of the system.
As observed in Fig. 6 , for the first 100 seconds the SOC is in the forbidden area, and the BESS will discharge at the maximum discharge rate (P BESS DisMax = 40 MW) until the SOC returns to SOC max (90%). The WPP is also curtailed accordingly to ensure that the sum of the WPP and BESS can fulfill the total order (P W PP + P BESS = P W PP Order ). From 100 seconds to 600 seconds, the system is operating in a normal situation due to the high SOC and P W PP Order > P W PP MPPT ; the BESS is providing power by discharging to support the WPP to fulfill the power requirement, and the SOC is decreasing along with the discharging. From 600 seconds to 1,000 seconds, due to the BESS reaching the minimum limitation of the SOC optimal range (SOC opt low ), the BESS stops discharging and the SOC stays still at 60%. Even then, P W PP Order is larger than P W PP MPPT . At 1,000 seconds, the frequency has been adjusted to 0.9 p.u. This means that the system has been under a low-frequency event, also known as an emergency state. At this moment, the BESS starts to support the system again by discharging in a suboptimal range, until it reaches its minimal SOC at 10%. Then, because the system is still in an emergency state and requires more energy support, as the BESS runs out of its capability to supply energy, it will not discharge or charge until the system returns to normal.
For a better understanding of this control strategy, the state transition is shown in Fig. 6(g) . This case starts in State 2 and passes through states 5, 8, and 11 to reach the minimal optimal SOC limitation (SOC opt low ). As the frequency suddenly drops to the emergency state, the system state changes from 11 to 12, and the discharge process restarts and keeps discharging until it reaches State 15 at a SOC of 10%. The BESS will be controlled not to go beyond the SOC min .
2) Test B: Battery Self-Recovery SOC Performance: In this case, we test the self-recovery capability of the battery. Although most of the time the battery should operate in the optimal range of the SOC, if in some case it drops to an unexpected range, it is required to recover to the normal range of the SOC without harming the system. This case is a continuous simulation of Test A, and the time starts at 2,000 seconds. The BESS's initial SOC will start at 10%, and the grid frequency changes back to 1 p.u. at 2,000 seconds, which represents that the system is in the normal operation range. The performance of the hybrid WPP-BESS system is shown in Fig. 7 .
For the first 100 seconds, P W PP Order > P W PP MPPT , the output of the battery is zero, which means that the battery loses its low-frequency support capability due to a low SOC. And because charging the battery will worsen the frequency adjustment, the battery will stay still at this time. From 2,100 seconds to 3,000 seconds, P W PP Dis < P W PP Order < P W PP MPPT , the battery charges itself with the charging power (P BESS Cha ); and from 3,000 seconds to 4,000 seconds, P W PP Order < P W PP Dis . In the meantime, the SOC has returned to the optimal range, so the battery uses the energy from the difference of P W PP Order and P W PP Dis to charge and therefore help the SOC to reach a high level (SOC opt high ). At 4,200 seconds, the SOC reaches SOC opt high (80%), the battery stops to charge, and the WPP is curtailed to fulfill the P W PP Order . We can see that the battery's SOC can return to a higher level to prepare for the next round of frequency regulation. Fig. 7(g) shows the state transition from 15 to 14, 11, and then 8.
3) Test C: BESS Responds to 4-Second Random AGC Signal:
It is of interest to test the fast response of the battery to a 4-second random signal because the time interval of the AGC signal is normally 4 seconds or 6 seconds. It is assumed that the initial SOC is at 75%. Fig. 8(a) shows that the P W PP Order is a set of step-change signals with 4-second time intervals. When P W PP Order is larger than P W PP MPPT , the BESS is discharging to ensure that the WPP fulfills the commitment. Meanwhile, the total output is always fulfilling P W PP Order , as shown in Fig. 8(e) . Fig. 8(b) shows that the BESS can promptly respond to the step-change command signal. When P W PP Order is smaller than P W PP MPPT , the BESS is charging itself according to the adaptive-gain k in the normal case. Fig. 8(d) shows that the SOC of the BESS can gradually return to the optimal value (SOC opt high ).
IV. SIMULATION PLATFORM
When a WPP provides FAS, it receives commands from the grid's generation dispatch (from hours to minutes) and responds to control signals such as AGC and PFC (seconds). It is a multiple-timescale action that considers both economics and reliability. To evaluate a WPP's FAS performance and validate the proposed coordinated control strategy, a comprehensive model that includes flexible power market simulation and extendedterm grid dynamic simulation is adopted here. These models are based on previous development by the authors. For the sake of the paper's integrality, the simulation platform is introduced briefly as follows.
A. Framework
To realize the multiple timescale simulation, a framework as shown in Fig. 9 combines the market simulation and grid dynamic simulation to fully represent the generator and load dynamics, grid frequency response dynamics (primary frequency response and multi-area AGC response), and market scheduling [8] .
B. Simulation of Market Scheduling
This study utilizes the Flexible Energy Scheduling Tool for Integrating Variable generation (FESTIV), developed by NREL [26] , to simulate the behavior of system operations including the day-ahead security-constrained unit commitment (DASCUC), real-time security-constrained unit commitment (RTSCUC), and real-time security-constrained economic dispatch (RTSCED).
In this real-time market, to illuminate the WPP acting as an FAS resource, the simulation will allow the WPP to bid into the energy market and participate in regulating reserve. The BESS model is used as a supplement for the WPP in this case, so it is not considered separately in the market model.
C. Simulation of Extended-Term System Dynamics
Power systems normally consist of different dynamic electrical components-e.g., a steam turbine-driven synchronous generator system, renewables, load, and transmission line. Mathematically, power systems are described by a set of highorder differential-algebraic equations, which implies that the solution takes time, especially for large power systems. Then it is necessary to develop a proper grid model that can represent the dominant frequency response dynamic and improve the simulation speed. The Multi-Area Frequency Response Integration Model (MAFRIM) is developed in MATLAB/Simulink to simulate the power system dynamic response in a full time spectrum with variable time steps based on a phasor solution method [8] .
The proposed grid model is able to receive the real-time dispatch order and regulating reserve schedule from the FESTIV market model and operate considering the essential electromechanical dynamics.
In particular, a dynamic AGC dispatch strategy is proposed based on the operation and reserve status of synchronous generators and WPPs. This method shares the regulation burden based on the real-time reserve dispatch, which represents the real available AGC capability of the WPPs and conventional units. The area control error (ACE) control signal assigned to the WPPs can be represented as:
where ACE W PP and ACE k are the ACE signal for the WPPs and Area k; and R W PP and R SG represent the dynamic reserve of the WPPs and synchronous generators, respectively.
V. SIMULATION
A. System Description
The test system is from General Electric's Positive Sequence Load Flow (PSLF) dynamic simulation software's demonstration systems. It is a four-area system with 18 buses and 4 generators. The modified system model is implemented in MAT-LAB/Simulink SimPowerSystems and validated with the original model in PSLF [8] . The additional WPP and BESS model are integrated into Area 4, as shown in Fig. 10 .
The basic parameters of the system are summarized as follows:
1) Generator, System Load, and Wind Generation Data: Four equivalent generators are modeled as AGC-enabled generators. The detailed parameters of the electric grid model can be found in [8] . The load demands are obtained from scaling one typical day's load data from a real power system in a time series of 4-second intervals. The wind generation data are also from real historical data in a time series with 4-second intervals. Both the load and wind data used in this study are from NREL's industry partners (which are shown in the appendix). 
2) Battery:
The detailed parameters of the BESS are listed in Table III .
B. Economic Dispatch and Scheduling
In the market simulation, the spinning reserve is set as 3% of the load capacity, and the regulating reserve is set as 1% of the load capacity. The WPP is set to bid into FAS. The operational constraints and price of the conventional generation and wind power generation are considered and shown in the appendix. The DASCUC was solved every 24 hours for the next 24 hours with hourly time steps. The RTSCUC was solved every 15 minutes for the next 3 hours with 15-minute time steps. The RTSCED was solved every 5 minutes for the next 60 minutes with 5-minute time steps. The results are shown in Fig. 11 . Fig. 11 shows that the WPP participates in DASCUC, RTSCUC, and RTSCED accordingly and that the regulating reserve carried by the WPP also depends on the economic dispatch. In this case, the WPP is treated as a competitive generation resource. Only use a WPP to provide FAS
C. Coordinated Control Strategy Test in Multi-Area System
The benefits of the coordinated control strategy can be demonstrated in two operation statuses: normal operation and event operation. Two more typical control strategies-a wind-only controller and a battery-only controller-are simulated and compared to the proposed method. The cases are described in Table IV .
Case 1 is using the BESS as the secondary resource to share the frequency regulation burden of the WPP by using the proposed coordinated control strategy.
Case 2 is using the BESS fully instead of the deloading WPP to provide frequency support by using a traditional BESS control. The maximum charge/discharge rate of the traditional BESS control is chosen as -20 MW and 20 MW. The maximum discharge rate of the BESS for traditional grid applications is normally decided by the maximum continuous discharge rate [24] ; the parameters for normal operation are shown in Table III . The choice of Case 2 is based on the following concerns: (1) It is comparable to Case 1 because the frequency regulation burdens in the two cases for the BESS-WPP system are the same; (2) Case 2 can represent the normal usage of the BESS in a hybrid system to provide frequency regulation without coordination with the WPP; and (3) Case 2 adopts the basic BESS control method, which responds to a power command signal (P W PP AGC ) and considers only the fixed SOC limitation and fixed-charge and fixed-discharge limitations, and there is no SOC self-recovery capability.
Note that in Case 2, operating the WPP in MPPT mode may worsen the frequency response during normal operation because the deloading operation of the WPP can reduce the impact of the uncertainty; however, the total frequency adjustment obligation could be even larger than that in Case 1, so the advantage of the proposed coordinated control strategy cannot be justified.
Case 3 is using only the deloading of the WPP to provide frequency support service, so the WPP responds to the FAS without the BESS.
1) Normal Operation: In this study, the results of the economic dispatch and reserve scheduling shown in Fig. 11 directly feed into the extended-term dynamic simulation, which can mimic more realistic power system operations. The active power command of the WPP is composed of three parts: P W PP Dis , which is from the 5-minute economic dispatch; and 4-second P W PP AGC and real-time P W PP PFC , which are from the closed-loop dynamic simulation. The multi-area AGC controller is enabled. Fig. 12(a) shows that the WPP keeps its headroom (the difference between the P W PP MPPT and P W PP Dis ) in all cases, which is necessary for frequency regulation. In real-time deployment, the WPP is required to provide energy to support frequency regulation as P W PP Order . This means that after the WPP commits to the frequency regulation, the real deployed power output is based on the system dynamics, which are related to the AGC adjustment. As observed, at some moments P W PP Order is larger than P W PP MPPT , which means that even if the WPP reached its maximum capability, it could no longer fulfill the committed frequency regulation service.
As shown in Fig. 12(b) , the BESS provides additional power to support the WPP to provide FAS. In Case 1, when P W PP Order is higher than P W PP MPPT , the BESS is discharging to support the WPP providing FAS; when P W PP Order is less than P W PP MPPT , the BESS is charging according to the coordinated control strategy, thereby it helps the SOC return to SOC opt high , as shown in Fig. 12(c) . In Case 2, the BESS takes full responsibility of the FAS so that the charge and discharge power are larger than they are in Case 1. Note that from 325 seconds to 600 seconds, the output power of the BESS is capped at 20 MW, which is normally decided by the traditional maximum discharge rate. Meanwhile, due to the passive control of the SOC, the SOC does not recover to the optimal range unless P W PP AGC < 0.
Comparisons of P W PP Order to the real output from the WPP-BESS system and to a WPP with three different control strategies are shown in Fig. 12(d) . As indicated in Fig. 12(d) , with the proposed WPP-BESS control (Case 1), the WPP can provide FAS for the duration of the simulation, and the SOC returns to a high value, which is good for the next discharge. In the subplots of Fig. 12(d) , both the BESS control (Case 2) and WPP control (Case 3) could not fulfill the P W PP Order for a partial time.
To quantify the benefits from the proposed coordinated control strategy, the maximum frequency (f max ), minimal frequency (f min ), and unavailable time of the WPP (η W PP (%)) are compared in three cases. The results are listed in Table V. As shown in Table V , the proposed control can improve the lowest and highest grid frequency. In particular, the WPP-BESS control reduces the unavailable time of the WPP from 10.21% (Case 3) or 7.64% (Case 2) to zero.
2) Event Operation: A frequency event can normally be distinguished as either an overfrequency event or underfrequency event. Because an overfrequency event can be solved easily by curtailing the wind power or charging the BESS, this validation focuses only on a more severe condition, an underfrequency event, to show the advantage of the proposed control strategy.
To demonstrate the contribution of the BESS to support the WPP to provide PFC service when the reserve has been partially used by the AGC, a sudden 100-MW load increase is imposed at 2,510 seconds. Fig. 13 presents the wind power, BESS output, comparison of order and real output of the system, and SOC of the BESS. As shown in Fig. 13(a) , when an event happens, because the partial reserve of the WPP has been taken by the AGC regulation, the required power for the primary frequency support is easily greater than the WPP's maximum capability. The BESS begins to provide the energy necessary to meet the power requirement by discharging, as shown in Fig. 13(b) . Fig. 13(c) shows that the WPP is successfully qualified in this primary frequency support event with the support of the BESS. Fig. 14 shows the system frequency response to the underfrequency event by using three control methods. The traditional BESS control strategy could not fulfill the P W PP Order due to a lack of the capability to utilize the short-term high power. Usually, the maximum output of the BESS will be limited at 20 MW (P BESS Dis ). For the "WPP control," partial reserve has been utilized by the AGC regulation, so it loses the capability to support the PFC in this case. Compared to the "WPP con- trol" and "BESS control," the grid frequency nadir is improved 0.15 Hz and 0.07 Hz by using the WPP-BESS control.
D. Lifetime Evaluation of the Proposed Coordinated Control Strategy
The ROC, ROD, depth of discharge (DOD), average SOC, and temperature are the primary factors affecting the lifetime of the battery. Normally, the smaller the ROC, ROD, and DOD, and the closer the SOC is to its optimal range, the more cycles of the BESS that can be used for the whole lifetime.
To quantify the benefit of the proposed control strategy in its lifetime extension, we compare Case 1 with Case 2 in Section V-C-1. The output power of the BESS and their histograms in two cases are shown in Fig. 15 .
The main difference observed from the two images shown in Fig. 15 is that the proposed coordinated control strategy can use a relatively low ROC and ROD to fulfill the requirement of frequency regulation-in particular, the peak and valley values are less than those in Case 2. Consequently, the proposed control strategy can reduce the probability of a high charge and discharge rate, which is good for lifetime extension.
To extract the cycle numbers from the irregular SOC signals, the rain-flow cycle-counting algorithm has been used to decompose the complex DOD cycles into half or full subcycles [27] . The SOCs and histograms of the cycle numbers at different DODs are shown in Fig. 16 .
As shown in Fig. 16 , the BESS with the proposed control strategy can fulfill the frequency regulation service with small discharge cycles, which are less than 0.3 DOD; and the BESS providing the full regulation requires a deep discharge, which is around 0.8 DOD. This shows that the DOD can be reduced by using the proposed coordinated control strategy.
Here, a simplified battery lifetime model [28] has been adopted to show a rough prediction of the BESS lifetime according to the simulation results. Table VI shows a summary of the related indices. Table VI shows that the proposed control strategy (Case 1: WPP-BESS Control) allows a smaller-sized BESS to effectively support the WPP to provide FAS while extending the lifetime of the BESS. The maximum power in Case 1 is 11.49 MWcompared to 20 MW in Case 2-because the WPP participates in part of the frequency support. The maximum energy in Case 1 (0.845 MWh) is much lower than that in Case 2 (7.328 MWh), mainly because the adaptive SOC-feedback controller can bring the SOC back to an optimal value, which can effectively reduce the depth of discharge cycle in Case 1. Meanwhile, the lifetime of the BESS is extended from 4357.3 hours to 7824.9 hours. Because there are fewer deep depths of discharge, less power and capacity are required in the proposed control strategy, and it has the potential to be applied for the secondary use of the battery.
VI. CONCLUSION
This paper proposes a coordinated control strategy aimed at using the BESS as a secondary energy resource to support WPPs to bid into and provide FAS, including primary and secondary frequency response.
The improved state-machine-based control strategy has two highlights: (1) it is able to support the WPP to fulfill the power requirement with various charge/discharge strategies according to different statuses of grid operation, the SOC of the BESS, and operational constraints (e.g., rate-of-charge/discharge, SOCrange limits); and (2) the SOC of the BESS can be brought back to the optimal SOC value automatically by the proposed adaptive SOC-feedback control method, which is helpful for extending the battery's lifetime and reducing the size of the battery. In addition, a combined simulation method, which includes the power marketing simulation and grid frequency dynamic simulation, is adopted to present a complete validation of the WPP providing the FAS. Therefore, the real benefit of the BESS with the proposed control can be revealed by more information considering the interaction of economic dispatch, AGC, and PFC.
This study shows that the BESS with the proposed control method can assist the WPP in providing multi-timescale frequency support, and therefore it allows the WPP to commit to the day-ahead ancillary service market. Compared to the case using the BESS instead of the WPP to provide FAS, the proposed method could achieve better performance by a BESS with a smaller size and longer lifetime.
APPENDIX
Simulation parameters for SCUC and SCED scheduling are listed in Section I, and the wind and load profile that are used for integrated simulation are demonstrated in Section II. 
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